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The temperature dependence of the amplitude and phase of the electric potential arising at a plane boundary 
of a conductor when a longitudinal acoustic wave is incident normally on it is investigated theoretically and 
experimentally. The surface potential is formed by two contributions, one of which is spatially periodic inside 
the sample, with the period of the acoustic field; the second is aperiodic and arises as a result of an additional 
nonuniformity of the electron distribution in a surface layer of the metal. In the nonlocal region the second 
contribution is dominant. The phases of these contributions are shifted by approximately k/2. For metals in 
the normal state the experiment is in qualitative agreement with the theory. The superconducting transition 
is accompanied by catastrophically rapid vanishing of the electric potential, in sharp contrast to the theoretical 
estimates, which predict behavior similar to the BCS dependence of the attenuation coefficient for a longitudinal 
sound. 



1. INTRODUCTION 

When an elastic wave propagates in a metal, a perturbation 
of its electron subsystem occurs which compensates the ten- 
dencies of the ionic displacements to disrupt the charge neu- 
trality or the balance between the ion and electron currents. 
At high temperatures or in dirty samples (the so-called lo- 
cal limit, determined by the condition ^/ ^ 1, where q is the 
acoustic wave vector and I is the electron mean free path) the 
electron collision frequency is high enough to maintain local 
equilibrium at any point of the deformed lattice. In the limit 
ql ^ s/vf (s and vp are the sound velocity and Fermi veloc- 
ity) the electric field arising in the metal has a purely inertial 
nature — the acoustic analog of the Stewart-Tolman effect. 

In the opposite limiting case (ql ^ 1, nonlocal limit) the 
collisions can no longer maintain local equilibrium, and addi- 
tional electric fields are produced in the metal, bringing about 
the required adjustment of the electrons to the moving lattice. 
In zero magnetic field the polarization of the electric field of 
an elastic wave propagating in an isotropic metal or along a 
high-symmetry direction is parallel to the ionic displacements. 
When a magnetic field is turned on, the Lorentz force exerted 
on the electrons moving with the lattice gives rise to a Hall 
component of the alternating electromagnetic field, the exis- 
tence of which is no longer dependent on strict requirements 
on the purity or temperature of the sample. 

The opposite process also occurs: the generation of acous- 
tic vibrations when a polarized electromagnetic field is excited 
in the metal in a suitable way. On the whole, these phenomena 
— the acoustoelectric and electroacoustic transformations — 
are well known and widely used both in scientific experiments 
and for contactless excitation of sound in technical applica- 
tions (see, e.g., the review'). 

However, as far as the authors are aware, the experimen- 
tal studies have always been done for electromagnetic fields 
in which the electric field vector was orthogonal to the wave 
vector of the elastic wave.^ The latter is apparently due to the 
fundamental differences in the behavior of the fields of trans- 
verse and longitudinal polarization at the interface between 



the metal and free space (or an insulating medium). For nor- 
mal incidence of a transverse elastic mode on the interface the 
electromagnetic field in the metal is naturally "matched" with 
the electromagnetic field in the vacuum (insulator). In other 
words, in this geometry an electromagnetic wave is radiated 
from the metal; this wave can easily be detected by a suitably 
oriented antenna of the flat-coil type. This same antenna can 
also be used to generate a transverse elastic wave in the metal. 

An electromagnetic wave with electric field polarized along 
the wave vector does not exist. Therefore, in the case of nor- 
mal incidence of a longitudinal acoustic wave on the interface, 
electromagnetic radiation from the sample is absent in prin- 
ciple. Nevertheless, it is possible to detect the electric field 
E due to a longitudinal acoustic wave. Since divE ^ in a 
longitudinal wave, uncompensated charge and the accompa- 
nying potential appear both in the bulk of the metal and on 
its surface.^ This potential can be detected by a voltmeter of 
suitable sensitivity. One of the authors (V.M.G.) long ago had 
analyzed a method of linear electroacoustic conversion with 
the use of a contactless capacitive driver*' Here, when an al- 
ternating voltage is applied to the exciting plate of the capac- 
itor, an electric charge is induced beneath it on the surface 
of the metal, and the nonlocal interaction of this charge with 
the lattice excites a longitudinal elastic wave of the same fre- 
quency. A detailed experimental check of Ref . |^ has not been 
made, possibly because of the rather stringent requirements 
on the purity of the metal. The limiting case of a capaci- 
tive driver (receiver) is a galvanic contact, which is what was 
mainly used in the present study. Finally, the presence of the 
contact on the interface alters the boundary conditions for the 
elastic deformations; however, it turns out that the latter leads 
to a slight increase in the conversion efficiency and in general 
relaxes the requirements on the purity of the material under 
study. For this reason it is possible to carry out an experiment 
on practically all reasonably pure metals provided that some 
relatively simple requirements are met as to the nonlocality of 
the interaction of the electrons with the elastic field (ql > 1). 

The structure of this paper is as follows. In Sec. 2 a the- 
ory of the acoustoelectric conversion is given for the simplest 
case — a conducting half space (one-dimensional problem) in 
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the approximation of an isotropic dispersion relation for the 
carriers and their "specular" reflection by the interface. The 
electric potential accompanying an elastic wave in the metal 
is a sum of two contributions. Besides the well-known forced 
solution, which repeats the profile of the elastic deformations, 
in the nonlocal limit there is also a substantial quasiperiodic 
term due to the perturbation of the ballistic motion of the elec- 
trons by the surface of the sample. 

In Sec. 3 we present the results of experimental studies 
of the temperature dependence of the aforementioned elec- 
tric potential in metals of different degrees of purity (Ga, W, 
Al) in the normal state. On the whole, the temperature de- 
pendences of the amplitude and phase of the potential show 
an acceptable qualitative agreement with the theoretical esti- 
mates; this can be regarded as experimental confirmation of 
the theoretical ideas proposed here. 

In Sec. 4 we discuss the evolution of the measured elec- 
tric potential at the superconducting transition. Contrary to 
the expectation of a rather slow decrease in the recorded value 
below 7c (like the behavior of the longitudinal sound attenua- 
tion coefficient), a much sharper decrease in the amplitude of 
the potential is observed. 

2. THEORY OF ACOUSTOELECTRIC CONVERSION IN 
THE CASE OF NORMAL INCIDENCE OF A SOUND WAVE 
ON AN INTERFACE 

Let us consider a metallic half space jc > 0. Suppose that 
a longitudinal elastic wave = uoexp{—i(ot — iqx) comes in 
from the interior of the sample and is reflected from the sam- 
ple boundary with a reflection coefficient R (we neglect the 
sound attenuation). Near the boundary the displacement field 
and the deformation field are formed as a result of the inter- 
ference of the incident and reflected waves, independently of 
the regime (pulsed or continuous). The resultant field is ex- 
pressed in terms of the amplitudes of the displacement m(0) 
and deformation m'(0) at the interface. In particular, for the 
deformation field that we will be interested in below we have 
dux{x) I 

— — = Uxx\x) — u [Q)co?,qx~ qu{Q)?,mqx. (1) 

The relation between m(0) and m'(0) is determined by the 
boundary conditions 

/m'(0) l-R~ ' ^ ' 

For a contact with an elastically uniform, nonattenuating 
medium the parameter C is equal to the ratio of the acoustic 
impedances of the metal and of the medium in contact with 
it (in particular, C — °° for a contact with the vacuum). In 
the case of an attenuating medium the parameter C can be 
complex-valued. 

The deformation-induced deviation \i/{x,Vx)d fo/de of the 
electron distribution function from its equilibrium value /o 
is described by the kinetic equation^ (we neglect the inertial 
field): 

Vx^{\l/-e(p)~i(0\l/^i(0A„Ujac- (3) 



Here (O = (0 + i/T (co is the angular frequency, and T is the 
electronic relaxation time), A^.v is the corresponding compo- 
nent of the deformation potential tensor A,,t — A,<. — (A,^.) / ( 1 ) , 
is the "bare" deformation potential, (p{x) is the electric po- 
tential in the field of the elastic wave, is the x component of 
the Fermi velocity Vf of the electron, and the angle brackets 
denote averaging over the Fermi surface with a weight Vp ' : 

It is important to note that the quantity e(p{x) appearing in 
Eq. (3) is actually the total electrochemical potential of the 
electrons, including, in addition to the "true" electric poten- 
tial, the change of the chemical potential Mxv(Axv)/(1) due 
to the change of the electron spectrum in the elastic defor- 
mation field. ^ The difference of the electrochemical poten- 
tials at different points of the sample is a source of real emf 
that can be registered by a voltmeter, and it, of course, van- 
ishes at equilibrium, e.g., in the limit of a static deforma- 
tion (CD 0). At the same time, the gradient of the "true" 
electric potential, which compensates the deformation contri- 
bution to the electrochemical potential and brings about an 
adjustment of the electron density to the spatial variations of 
the ion density is always nonzero in a nonuniformly deformed 
sample (physically this effect is analogous to a contact poten- 
tial difference). The presence of this potential in a nonuni- 
formly deformed metal (including in the elastic field of a 
sound wave) gives rise to uncompensated charges with a den- 
sity 5n = r^(A«) V^M„ ^ [qroYqun, where n is the total elec- 
tron density, q is the characteristic wave number of the defor- 
mation, and ro is the screening radius of the longitudinal field 
{r^ = 4716^(1)), which in "good" metals is of the order of the 
lattice constant. Such a "charge density wave" accompany- 
ing the propagation of a sound wave in the general case con- 
tains a nonequilibrium contribution due to the disruption of 
the spatial uniformity of the electrochemical potential e(p{x); 
this contribution is proportional to the frequency of the sound 
(see below) but in the majority of cases it is small is^s/vf) 
compared to the "adiabatic" component mentioned above. To 
avoid misunderstandings we should say that, because of the 
small value of the uncompensated charge (5n ^ n) the po- 
tential <p{x) can, of course, be calculated from the condition 
of electrical neutrality (\//) =0, where (i/a) has the meaning 
of a nonequilibrium admixture to the charge density which is 
"adiabatically" modulated by the elastic field. 

Far from the boundary {x':^!) one can assume that the func- 
tions \lf{x) and (p{x) are periodic, with the same spatial period 
as m(x),^ and in this case Eq. (3) reduces to an algebraic equa- 
tion. Near the interface (at distances x < I from it) the electron 
distribution differs substantially from periodic, and the prob- 
lem of finding and (p{x) is complicated. It can be solved 
relatively simply by the Fourier method if the so-called spec- 
ular boundary condition is imposed on the function 

V/(+0,y,) = r(+0,-y.O. (4) 

We emphasize that the condition of "specular" reflection 
from the moving boundary can be written in the form (4) only 
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in a comoving reference frame, in which there is no current 
through the boundary ({vx\tf{0,Vx)) = 0), and the scattering 
of the electrons is elastic. Since the potential measurement 
is actually done at a moving boundary, all of the calculations 
below pertain to the comoving system, in which the form (3) 
of the linearized kinetic equation is preserved. 

Let us continue the functions Uxx{x) and ^(x) evenly onto 
the semiaxis x < (this will be denoted below by a superscript 
S). Then from the form of Eq. (3) (in view of the evenness of 
Axx{vx) it is symmetric with respect to a simultaneous change 
of the signs of x and v^) and condition (4) it follows that the 
unknown function yf{x) should be continued to x < without 
a discontinuity. As a result, its transform is equal to 



kvxi(p^)k-(0Axx{4x)k 
kvx — CO 



(5) 



The Fourier transform of the electric potential {(p^)k of inter- 
est is found from the condition of electrical neutrality of the 
metal, {Wk) = 0: 



kx'x 



COAxx 



ki'x — (0 / \ kvr — (0 



^{ui)kRk, (6) 



where {uxx)k is the transform of the deformations (1), 



1 



qu{0)-iu'{Q) qu{Q) + iu'{Q) 



(7) 



Integration over the Fermi surface in (6) leads to branch 
points k = ±K (K = cb/vp) of the kinetic coefficient Rk, 
these singularities are in addition to the "acoustic" poles k = 
±{q± iO) of expression (7). Inversing the Fourier transform, 
we find that in addition to the periodic forced solution, which 
is determined by the poles (the q contribution), the function 
^(x) also contains an aperiodic term, whose amplitude is a 
complicated function of x and whose phase (r^Kx) is deter- 
mined by the Fermi velocity (K contribution). 

The asymptotics of the solutions of this type at large depths 
have been discussed previously on more than one occasion 
in the analysis of the propagation of electron quasiwaves in 
a metali^i^ In the present paper we will be interested in the 
relationship of the K and q contributions to the electric po- 
tential ^(0) measured at the boundary of the metal and their 
respective temperature dependences. 

Let us see what the solution (6) gives in the simple case of 
a quadratic isotropic dispersion relation of the charge carri- 
ers, e = /2m, when the deformation potential can be repre- 
sented in the form^ 



,2 /..2 



A,, = L[3xi/ 
In this case the kinetic factor in (6) is equal to 
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To find the coefficient of proportionality between Uxx{x) [see 
Eq. (1)] and the q contribution to e(p{x), it is sufficient to sub- 
stitute k — qin (9); thus, in the x representation we obtain 

S Vf COT 

e(p^{x)=RyUxx{x), R^^L—a<P{a), a = — ^^^-j--:(10) 

Let us now evaluate the K contribution. According to what 
we have said, it is given by the integral 



f dk 

e(pK{x)^ J^—{U^x)kRk^Mikx) 



(11) 



over a contour C passing along the edges of the branch cut k = 
yco/vp (1 < y < °°) in the complex k plane. Using formulas 
(6), (7), and (9), we can write this integral in the form 



ecpKix) = i(Ou{0) 



dy- 



ya- 
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VF 



(12) 



We note that the K contribution at any x is proportional to 
the displacement of the surface, m(0), while the q contribution 
is proportional to the local deformation m'(x). This means that 
upon a variation of the surface potential by means of a ca- 
pacitor with a vacuum (gas-filled) gap — an elastically free 
surface — we can record only the K contribution. In the gen- 
eral case, by adding (10) and (12) together we obtain for the 
potential measured on the surface: 



(p(0) = (p,(0) + (Pk{0) - — (^) \j{a,0) 



C 



(13) 



where / is the energy flux in the sound beam, and p is the 
density of the conducting medium. 

Let us estimate the expected value of the effect. The co- 
efficient in formula (13) at L ^ 10 eV and / 10 W/cm^ 
has a value close to ~1 ^V. The dependence of the func- 
tions |fl4>(fl)| and |7(a,0)| on the parameter CDT is presented 
in Fig. [T] In the nonlocal region of frequencies and tem- 
peratures {ql > 1) the first of these rapidly approaches its 
limiting value |a<I>(fl)| — 7t/2, whereas the second varies as 
ln|a|; for cot 3> 1 its limiting value \J{vf/s,Q)\ « ln(v/7/i), 
which is practically always greater than 7t/2 (the curves in 
Fig. [T] were constructed for the parameter value vp/s — 200 
(Invp/s = 5.3), which is typical of gallium). Thus the ex- 
pected value of the effect is at the level of a few microvolts, 
i.e., quite amenable to measurement. 

In Fig.[T]we see that for C ^ 1 the contributions under dis- 
cussion become equal at ^/ ^ 1 . The phases of these contribu- 
tions, however, are shifted by 7t/2, and therefore on the curves 
of the temperature dependence of (p{T) one should expect an 
appreciable change in the phase of the signal in the tempera- 
ture region where the mean free path becomes comparable to 
the wavelength of the sound. 

Of course, the specular boundary condition used does not 
fully correspond to the experimental situation; however, it 
is known that taking more realistic boundary conditions (the 
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FIG. 1 : Theoretical dependence of the amphtude (a) and phase (b) of 
the periodic (4>) and aperiodic (J) contributions to the surface elec- 
tric potential, as functions of the scattering parameter. 

diffuseness of the boundary) into account in nonlocal prob- 
lems of acoustoelectronics complicates the calculations sig- 
nificantly without leading to any substantial changes in the 
results.'*^ It can be hoped that in the given case the behavior 
of ^(0) will correspond qualitatively to the behavior that fol- 
lows from (13). 

At the parameters values used, the amplitude of the adi- 
abatic component of the charge density wave accompanying 
the propagation of a sound wave in a metal is of the order 
of 10*^ cm^^. Let us now estimate the contribution of the 
nonequilibrium potential (p{x) to the amplitude of the wave 
of uncompensated charge density. In the general case one can 
find its value by solving Eq. (5) jointly with Poisson's equa- 
tion k^(pk — 47re(v/it). As a result, for the nonequilibrium ad- 
mixture to the charge density we obtain 



coAxX 
kx'x — CO 



kvx 



\ kvx - (0 



-1 



(14) 



The final answer depends on the relationship between the 
squares of the inverse screening radius and the actual wave 
number. For the periodic component of the charge density 
wave (qro ^ 1) the 1 in the denominator of (14) can be ne- 
glected at any distance from the surface of the metal, i.e., the 
answer reduces to a double differentiation of the potential (pq 
found previously from the condition of electrical neutrality. 
As a result, the amplitude of this component turns out to be 
small (^s/vp) in comparison with the adiabatic contribution. 



To estimate the K contribution at distances ro from the 
surface this approximation is again applicable, since in this 
case the convergence of the integrand in (12) (which acquires 
an additional factor of k^ after the double differentiation with 
respect to x) at large k is provided by the exponential factor, 
and the unity in the denominator of (14) can again be ne- 
glected. This allows us to obtain the following estimate for 
the uncompensated charge of the K component at distances 
from the surface which are small compared to the mean free 
path and the wavelength of the sound: 



5n{x) — i(Ou{0) 



L 



Vf 



9 In ■ ~ . 

Vf47te'^ xCO 



(15) 



Thus the uncompensated charge of the K component increases 
logarithmically as x — > 0, reaching a maximum value in the 
surface region x < ro- The density of this surface charge can 
be estimated to logarithmic accuracy by employing a cutoff 
at A: ^ r^' in the total denominator of expression (14) and 
making the substitution x in Eq. (15); this leads to a 

value 8n ^10^ cm^^, which is comparable to the amplitude 
of the adiabatic component. 

We conclude this Section by verifying the applicability of 
the reciprocity theorem for the "exotic" mechanism of acous- 
toelectric coupling under consideration. In this case the acous- 
toelectric converter would be of the electrostatic type, in 
which the ponderomotive forces are due to the interaction of 
the electric charges. For converters of this type the electrome- 
chanical reciprocity theorem can be formulated asJi 



d(p 

du ' 



(16) 



where F is the density of the mechanical force, which is 
causally related to the uncompensated charge density g, while 
the remaining components are the same as those already 
used. The relation between the electric field and the pe- 
riodic elastic displacement is written in the form u = BE. 
Since F = ps^d^u/dx^ and g — divE/4;r (since we are seek- 
ing an harmonic component of the displacements, differenti- 
ation with respect to x reduces to multiplication by q), and, 
using formula (12) for a free surface (C = °°), we find B ss 
Lln{vp / s) / {4npsevf), which agrees exactly with the result 
obtained in Ref.|6t 



3. EXPERIMENTAL STUDY OF THE SOUND-GENERATED 
SURFACE POTENTIAL IN CONDUCTORS FOUND IN THE 
NORMAL STATE 

The basic scheme of the experiment is illustrated in Fig. |2] 
The sample under study is used to short a coaxial feeder, the 
outer conductor of which is in contact with the sample outside 
the region of incidence of the sound beam. The inner, spring- 
loaded conductor is a fragment of a hemisphere of rather large 
radius (^1 cm). Thus the experiment measures the amplitude 
and phase of the potential difference between the central part 
of the "hot" spot created by a sound beam of diameter ^4 mm 
and the remote parts of the surface of the sample at zero po- 
tential. In some experiments the galvanic contact of the inner 



5 



^(0) 



Coaxial waveguide 



Sample 
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FIG. 2: Diagram of the experiment. 

conductor of the coaxial feeder with the sample was replaced 
by a capacitive coupling (C ~ 5 pF), or in some cases a flat 
(planar) coil displaced relative to the axis of symmetry of the 
sound beam was used to detect the magnetic field of the cur- 
rents spreading out from the "hot" spot (this will be referred 
to below as an asymmetric coil). 

An rf oscillator {(o/ln ^ 55 MHz) and a lithium niobate 
piezotransducer were used, giving a maximum acoustic power 
per pulse of up to 50-100 W/cm^. The pulse duration (^5 x 
10^^ s) and the pulse repetition rate (^17 Hz) were chosen so 
that the heating of the sample at a temperature T ^ 1 K did 
not exceed (2-3) • lO^^ K. 

Gallium. Single-crystal samples of high-purity gallium 
were used, ensuring a parameter value (ox ^ 5 at the work- 
ing frequency in the region of impurity scattering. 

When the potential was registered using the galvanic con- 
tact, in addition to the signal coincident in time of arrival with 
the acoustic pulse, an electron-sound signal, passing through 
the sample at the Fermi velocity, was also observed (for tem- 
poral separation of the latter from the signal appearing at the 
time of the probe pulse, a germanium delay line, not shown in 
Fig. 121 was used). Analysis of the nature of the electron sound 
is proposed as the subject of a separate study; in this paper we 
discuss only the electric potential arising on the surface of the 
sample at the time of arrival of the sound pulse. 

The maximum response at a fixed excitation power could 
be attained only for freshly ground surfaces; prolonged stor- 
age of a sample led to a falloff of the signal amplitude, ap- 
parently because of diffusion of impurities into the subsurface 
region. At T = 1.5 K the value of |^(0)| at the maximum ex- 
citation power reached 30-50 /X V. The characteristic value of 
the Fermi velocity on the main sheets of the Fermi surface of 
gallium is Vf w 7 x 10^ cm/s,'^ and therefore in accordance 
with the estimate (13) a large value of the deformation poten- 
tial (L « 20 eV) is required in order to obtain such values of 
^(0). It is also possible that the main contribution to the ef- 
fect is given by sheets of the Fermi surface on which the Fermi 
velocity is low, which are known to exist in gallium. 

Typical curves of the temperature dependence of the am- 
plitude and phase of the potential measured with the use of a 
galvanic contact are presented in Fig. |3] The data for |^(0)| 
are corrected for the change in sound attenuation in the sam- 
ple. The resultant phase of the signals is determined not only 
by the phase of ^(0) but also, and mainly, by the acoustic 
delay. However, in the investigated temperature interval the 
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FIG. 3: Amplitude (a) and phase (b) of the potential (p(0) measured 
with a galvanic contact on Ga in the propagation of sound along dif- 
ferent crystallographic directions (solid curves) at a frequency of 55 
MHz. The dashed curve shows the result of a calculation according 
to Eq. (13) for C = 1, {(ox)-^ = 0.2 + 0.05r2 +0.157^, vp/s = 200. 

corrections due to the change in the sound velocity did not 
exceed a few percent of the measured total variations of the 
phase. 

For Ga the temperature dependence of the relaxation time is 
known quite well,— and therefore in Fig. |3]we also show the 
calculated curves obtained at C = 1. The calculations were 
done on the assumption that low-angle scattering is efficient 
[{(oxy^ = 0.2 + Q.Q5T- + Q.\5T\ although this question re- 
quires separate investigation. Without going into the details 
of the anisotropy of the effect, which is clearly seen on the 
experimental curves, we will mention the two circumstances 
that we think are essential. 

1 . As expected from the analysis given above, the phase of 
9(0) experiences significant variation in the temper- 
ature region corresponding to the transition from the nonlocal 
to the local regime. On the whole, the scale of the variations 
of the amplitude and phase of ^(0) agree with the calculation. 
There is justification for thinking that the stated theoretical 
ideas about the nature of the origin of (p(0) and the decisive 
role of the K contribution at large values of ql are in qualita- 
tive agreement with experiment. 

2. The calculation gives a much smoother variation of the 
amplitude and phase of (p(0) in the crossover region than 
is observed in experiment. The kink in the temperature de- 
pendence of the amplitude, which coincides with the center 
of the "jump" in phase, cannot be described using Eq. (13), 
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even when the model parameters are varied over wide limits. 
Apparently, the rate of decrease of the K contribution in the 
crossover region is substantially higher than is predicted by 
Eq. (13). This circumstance is probably due to the "specu- 
larity" and isotropicity of the dispersion relation which were 
imposed on the model, and the solution for a more reaUstic 
case will be closer to the observed behavior of ^(0). 

Let us also mention some other features of the behavior of 
the phase of ^(0). For q \\ [010] at T < 6 K the phase of the 
signal increases with increasing temperature (Fig. |3j')- This 
behavior occurs only in that geometry, and it is most likely 
due to the broad flattening on the Fermi surface of Ga in the 
q • V = region. It is easy to see from the relations given 
above that in this case, for (OX ^ I, the increase in the scat- 
tering leads to growth of the phase of the q contribution while 
having practically no effect on the K contribution. The model 
calculation according to Eq. (13) with the actual relative area 
of the flat part taken into account (^2-4%; Ref. gives a 
good description of both the scale of this effect and its tem- 
perature dependence. 

It follows from Fig. that the change in phase of the sig- 
nal in the crossover region is assuredly in excess of n/2. This 
is possible due to the complex nature of the parameter C in 
the case of reflection of sound from a contact region of small 
size. If C in Eq. (13) has the form C = Co(l + /j3) (j3 > 0), 
then in the nonlocal parameter region, where the contribution 
from the first term in (13) predominates, the influence of j3 is 
insignificant. However, on going to the local limit the phase 
of the harmonic component turns out to be lower than the cal- 
culated value by an amount arctan()3). 

In the proposed conception of the origin of (p(0) the vari- 
ation of the phase of the recorded signal is due to the fact 
that the interface in the contact region is elastically non-free 
(m'(0) ^ 0, i.e., C^' ^ 0). To check this idea, we replaced the 
galvanic contact with a capacitor with a vacuum gap (more 
precisely, a gap filled with a heat-exchange gas). The result is 
shown in Fig.|4] In view of the small value of the capacitance 
(as we were striving to avoid edge effects, the electrode form- 
ing the capacitor had a diameter of ^2 mm) we were unable 
to make measurements in the same temperature interval as in 
Fig. [3] Nevertheless, it is reliably established that in this case 
there is no significant decrease of the phase of the signal. We 
assume that this result, taken together with the data of Fig. 
|3]5, is unambiguous evidence in support of the approach de- 
veloped here. Moreover, relation (12) also predicts a certain 
increase in the phase of the K contribution with increasing 
scattering even in the purely isotropic approximation; this is 
apparently registered by the capacitive sensor, although on a 
larger scale (Fig.|4j)). 

The presence of excess surface charge in the region of the 
"hot" spot presupposes the existence of currents spreading out 
from the center of the sample toward the periphery. To detect 
them we used a flat coil asymmetrically shifted relative to the 
center of the sample. The plane of the turns of this coil were 
oriented perpendicular to the interface and parallel to the ra- 
dial direction, the surface of the sample in the region of the 
"hot" spot was left elastically non-free. The results of this ex- 
periment are also presented in Fig. |4] The amplitude of the 
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FIG. 4: Amplitude (a) and phase (b) of the potential f>{Qi) measured 
on Ga with a capacitive sensor (1) and an asymmetric coil (2) (solid 
curves). The dashed curves show the results of a calculation accord- 
ing to Eq. (12) (the parameters used in the calculation were the same 
as in Fig.jS}. 

signal behaves analogously to that shown in Fig.|3^, while the 
phase of the signal deviates even more to the high side of ;r/2. 
Most likely this is due to the fact that the rf conductivity of the 
metal, being a complex quantity, varies in phase on going to 
the local limit, thereby altering the phase of the if current as 
well, so that the total shift increases. 

Tungsten and aluminum. In tungsten in the impurity- 
scattering region the value of the parameter (ox is approxi- 
mately equal to 1, while in aluminum or ~ 0.3. It should 
be noted, however, that our estimates of the impurity scatter- 
ing were obtained from a study of the bulk characteristics and 
can be somewhat overestimated for the surface regions. The 
values of |(p(0) | measured in these metals turned out to be sub- 
stantially smaller than in gallium (^1 /iV). This is clearly due 
to the small value of the deformation potential, since a slight 
(see Fig.[T]| increase in the scattering (i.e., decrease in the pa- 
rameter OT in comparison with galUum) should not lead to a 
substantial decrease in |(p(0)|. 

Curves of the temperature dependence of the amplitude and 
phase of ^(0) for W and Al are shown in Fig. |5] In spite of 
the small value of the detected signal, the curves for tung- 
sten qualitatively repeat the behavior of (p(0) in Ga, the most 
salient feature of which, in our view, is the significant varia- 
tion of the phase of the signal. In Al the phase of the signal is 
practically unchanging. It can be supposed that, as in Ga, the 
more rapid (in comparison with Eq. (13)) falloff of the K con- 
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FIG. 5: Amplitude (a) and phase (b) of the potential (p(0) measured 
with a galvanic contact on W and Al. 

tribution has led to its nearly complete suppression already at 
the starting (impurity) value of cot. 



4. INFLUENCE OF THE SUPERCONDUCTING 
TRANSITION ON (p(0) 

Before turning to a description of the experimental results, 
let us briefly present the theoretical scheme for estimating the 
possible behavior of ^(0) below Tc- It follows from the above 
discussion that the existence of a measurable potential ^(0) is 
due to the deformation interaction of the electrons with the 
elastic field of a longitudinal wave. In a superconductor only 
normal excitations interact with sound through the deforma- 
tion potential. The "freezing out" of the normal excitations 
leads to the situation that for T -C 7c the potential ^(0) is due 
solely to the Stewart-Tolman inertial field, which we are ne- 
glecting in this paper Consequently, our problem consists in 
estimating the decay law of ^(0) below Tc- 

In a superconductor the electromagnetic field is customar- 
ily described by a gradient-invariant combination of <I> (the 
electrochemical potential of the excitations) and (the mo- 
mentum of the superconducting condensate) and the spatial 
and time derivatives of the phase of the order parameter x and 
the electromagnetic potentials (p and A: 



2 dt 



e(p, 



1^ e . 

2 c 



(17) 



In Ref. [l5l which is devoted to the general theory of elas- 
ticity in superconductors, a relation is obtained between the 
fields <I> and and the elastic displacements u. In the case of 
longitudinal sound and an isotropic one-dimensional model, 
one can, using Ref. [Tsl write the following relations for the 
Fourier components of 'I' and ps'. 



(18) 



The solution of the boundary-value problem analogous to 
that considered above but for superconductors meets with con- 
siderable difficulties due to the energy dependence of the ve- 
locity of normal excitations, and therefore for making es- 
timates we limit consideration to the q contribution only, for 
which the wave vector of the Fourier component coincides 
with the wave vector of the sound. Asymptotic expressions 
for the polarization coefficients a, b, and c of the electron 
subsystem and the electroacoustic coefficients c'''-' and Z?'''^, 
which were all found in Ref. [Tsl in the limit of strong spatial 
dispersion (ql ^ 1), have the form 



a=l + '-^-m, b = ^ 
1 vp m 



2)ni s 



2 Vf cosh2(A/4r) 



in L 



2 Vf m\ 2T As 



2 mvi 



/(A), 



(19) 



where Ps « 2{Tc — T)/Tc is the density of the superconduct- 
ing condensate, /(A) = 2/(exp(A/r) + 1) is the Fermi func- 
tion, and A(r) is the superconducting gap. 

Restricting consideration in (18) and (19) to the first non- 
vanishing terms of the expansion in the small parameter s/vp 
and assuming that the inequalities p^.A/T > {s/vf)^ hold, we 
find 

^ . cb'^d) _ i^^id) 

O = 1(0 ; mUx = —l(OC^ 'mUx, 



Ps = -ico- 



ab + c^ 



ab + c 



— mUx — —iCO mUx- (20) 

z p. 



In the case of longitudinal sound the vector potential in (17) 
can be dropped, and we obtain for the electric potential 



(21) 



It follows from (19)-(21) that the contribution ps to the pe- 
riodic component of the potential is small in the parameter 
s/vf and can also be dropped, and the relation between the 
amplitudes of the potential and the normal (n) and supercon- 
ducting (sc) states has the form 



(e^),, = (e^)„/(A), 



(22) 



i.e., the q contribution should fall off with decreasing tem- 
perature in the same way as the sound attenuation coefficient. 
In addition, it follows from (22) that the phase of the poten- 
tial should not change on transition through Tc- Since the K 
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FIG. 6: Effect of the superconducting transition on the electric po- 
tential: amplitude |<p(0)| — the solid and dashed curves are for a 
galvanic contact (Ga and Al), the circlets are for an asymmetric coil 
(Ga), and the upper dotted curve shows /(A). Inset: the behavior of 
1 9(0) I in Ga (galvanic contact) for different excitation amplitudes: 

solid curve hlO dB, circlets — dB (a); the variation of the phase 

(p{0) below Tc'. the solid and dashed curves are for a galvanic contact 
(Ga and Al), and the circlets are for an asymmetric coil (b). 

component of the potential is also due to the deformation in- 
teraction, there is no reason to think that its law of variation 
will be substantially different from (22). 

The experimental results presented in Fig. |6] strongly con- 
tradict the estimates given above. Even in Al, in which appar- 
ently only the periodic component of the signal is present to a 
significant degree, the amplitude of ^(0) changes much more 
sharply than /(A), and the phase undergoes a rather rapid 
rise. These features are more pronounced in Ga, in which 
one might suspect a manifestation of some sort of nonlinear- 
ity, since a nonlinearity is expressed quite clearly in the sound 
attenuationjii For an excitation intensity close to the maxi- 
mum, nonlinear behavior of ^(0) was indeed observed, asso- 
ciated with both overheating and a sharp drop in the sound at- 
tenuation coefficient below 7^, with a corresponding decrease 
in the heat release. The data presented in Fig. [6^ pertain to 
the region of amplitudes in which these effects are practically 
absent (inset in Fig.|6^). 

The following "simplified" line of reasoning is also pos- 
sible. In the experiments described, the potential difference 
between the "hot" spot and the remote parts of the sample is 
recorded in the regime of spreading surface currents. There- 



fore, the value of the potential that is registered can depend 
on the spreading resistance. In other words, in a supercon- 
ductor the rapid growth of the diamagnetic contribution to the 
conductivity (^PsVp/s) can lead to "short-circuiting" of the 
source of the electromotive force, and that is what is detected 
in the experiment. In Fig. |6] we also show the signal taken 
from the asymmetric coil, which registered the amplitude and 
phase of the spreading currents specifically. We see that the 
amplitude of this signal falls off just as rapidly as does |^(0) |, 
and the phase also increases practically in a jump. Therefore, 
from the standpoint of the "simplified" explanation a rapid 
growth of the "resistance" of the source of emf must also be 
assumed, and that is hard to imagine. 

From the results presented in Fig. |6^ for Ga we see that be- 
yond the region of very rapid drop of |^(0)| comes a more 
gradual "tail," reminiscent of the evolution of /(A). This 
suggests another hypothesis: for some reason that we have 
not discussed, the K contribution in a superconductor actually 
vanishes very rapidly, and the remaining q contribution falls 
off as follows from the theory. We recall, however, that the 
phase of the q contribution is different from the phase of the 
K contribution by more than n/2 (Pig-Wp), and so this sce- 
nario should be accompanied by a downward phase jump of 
corresponding amplitude. The data of Fig.|6j) are inconsistent 
with this hypothesis as well. 

At present the authors do not have any reasonable expla- 
nation for the described behavior of ^(0) near 7c. On the 
whole, the picture looks as if either a state in which an un- 
compensated charge cannot exist develops with catastrophic 
rapidity in a superconductor which is found in the normal 
phase, at least in the nonlocal limit, or else below Tc the elec- 
tric potential just as rapidly transforms to a quantity that can- 
not be measured by a voltmeter We add that a jump in the 
phase of ^(0) by approximately 7z/4 can be evidence that 
the surface impedance has some relation to the observed ef- 
fect, since the penetration depth of the field at the transition 
through Tc changes from a complex quantity with approxi- 
mately equal real and imaginary parts (their relative sizes de- 
pend on whether the normal or anomalous skin-effect regime 
is realized) to the purely real London penetration depth. 



5. CONCLUSION 

In summary, we have carried out a theoretical analysis and 
experimental observation and study of the electric potential 
arising when a longitudinally polarized elastic wave is inci- 
dent normally on a metal surface. The potential under study is 
the sum of two contributions. The first of them, the q contri- 
bution, is due to forced oscillations of the electric field, which 
is proportional to the elastic deformation m', i.e., it can be de- 
tected only on a non-free boundary, where m'(0) 7^ 0. The 
second, K contribution is due to the presence of the metal 
boundary itself, which distorts the ballistic motion of nonequi- 
librium carriers in a subsurface layer of thickness ^l; its am- 
plitude turns out to be proportional to the displacement of the 
surface, m(0). In the nonlocal limit the amplitude of the K 
contribution is markedly greater than that of the q contribu- 
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tion, while in the local limit it is the other way around. The 
phase of the K contribution leads the phase of the q contri- 
bution by approximately 7r/2, and therefore in the crossover 
region the phase of the recorded potential varies quite sharply. 
The experimental observation of just such behavior is, in the 
opinion of the authors, an unambiguous qualitative confirma- 
tion of the correctness of the ideas developed in this paper 
about the origin of the potential in question. 

At the superconducting transition the amplitude of the po- 
tential falls in a catastrophically rapid manner, and the phase 



just as rapidly increases by approximately n/A. This behavior 
is inconsistent with the theoretical concepts, which predict a 
much smoother decrease of the amplitude, close to the BCS 
dependence of the longitudinal sound attenuation coefficient, 
and the absence of any phase variations. 

The authors express their deep gratitude to E. A. Masalitin 
for invaluable contribution to the development and prepara- 
tion of the measuring apparatus, which was ideally suited for 
addressing the problems investigated in this study. 
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